Members of the Argonaute (Ago) protein family associate with small RNAs and have important roles in RNA silencing. Here, we analysed Ago1-and Ago2-containing protein complexes in human cells. Separation of Ago-associated messenger ribonucleoproteins (mRNPs) showed that Ago1 and Ago2 reside in three complexes with distinct Dicer and RNA-induced silencing complex activities. A comprehensive proteomic analysis of Ago-containing mRNPs identified a large number of proteins involved in RNA metabolism. By using co-immunoprecipitation experiments followed by RNase treatment, we biochemically mapped interactions within Ago mRNPs. Using reporter assays and knockdown experiments, we showed that the putative RNA-binding protein RBM4 is required for microRNA-guided gene regulation.
INTRODUCTION
RNA silencing is a conserved gene-silencing pathway that is triggered by double-stranded RNA (dsRNA). DsRNA molecules are processed to small interfering RNAs (siRNAs) or microRNAs (miRNAs), which are then assembled into various effector complexes, including the RNA-induced silencing complex (RISC). MiRNA precursors (pre-miRNAs) are excised from primary transcripts by a nuclear complex containing the RNase III enzyme Drosha and the dsRNA-binding domain protein DGCR8/Pasha. PremiRNAs are subsequently exported to the cytoplasm by the export receptor exportin 5, where dsRNAs and pre-miRNAs are further processed by the RNase III enzyme Dicer to duplexes of approximately 22 nucleotides. In a manner similar to Drosha, Dicer functions with the dsRNA-binding domain proteins TRBP (human immunodeficiency virus transactivating response RNA binding protein) and PACT (PKR activator; reviewed by Filipowicz et al, 2005; Zamore & Haley, 2005) . Only one strand of the siRNA-miRNA duplex intermediate is loaded into the silencing effector complex to become the guide strand. SiRNAs and miRNAs either guide the sequence-specific degradation of complementary RNAs or inhibit the translation of partly complementary target messenger RNAs (Pillai et al, 2007) . Recently, a third pathway of miRNA function has been identified in Drosophila, in which miRNAs guide the degradation of not perfectly complementary target mRNAs by recruiting de-adenylation and de-capping enzymes (Behm-Ansmant et al, 2006; Wu et al, 2006) .
Members of the Argonaute (Ago) protein family are crucial components of RNA silencing effector complexes. Ago proteins contain PAZ and PIWI domains, and structural studies of archaeal Ago proteins show striking similarity between the PIWI domain and RNase H. Further functional analyses have shown that some Ago proteins contain endonucleolytic activity (Parker & Barford, 2006; . Recently, another Ago domain, which binds to the m 7 G cap of mRNAs, was identified (Kiriakidou et al, 2007) .
Biochemical purifications of Ago1 and Ago2 complexes from HeLa cell lysates identified the DExD box protein MOV10 (Moloney leukaemia virus 10 homlogue) and a protein termed TNRC6B (trinucleotide repeat containing 6B) as new components of the Ago complex (Eulalio et al, 2007a) . Interestingly, TNRC6B is highly homologous to TNRC6A (GW182), which constitutes a marker protein for cytoplasmic processing bodies (P-bodies). P-bodies are cellular sites of RNA metabolism, and it has been shown that Ago proteins also localize to P-bodies (Eulalio et al, 2007a) . MiRNAs and artificially bulged miRNA target mRNAs are also found in P-bodies, and it has been suggested that localization of mRNAs to P-bodies might prevent their translation (Liu et al, 2005; Pillai et al, 2005) . Furthermore, a recent study showed that the P-body component RCK/p54 (DEAD box polypeptide 6) is required for miRNA-guided translational repression in human cells (Chu & Rana, 2006) . Further studies showed that P-bodies are formed as a consequence of gene silencing, but their integrity is not required for gene silencing (Eulalio et al, 2007b) .
Here, we report the biochemical identification and isolation of human Ago1 and Ago2 protein complexes. We identify three distinct Ago1 and Ago2 complexes, which we refer to as Ago complexes I-III. Using a comprehensive proteomic approach, we have identified the protein composition of the Ago complexes. Among these interactors, we found RBM4 (RNA binding motif protein 4) and show that it is required for small RNA-guided gene silencing.
RESULTS AND DISCUSSION
Human AGO1 and AGO2 associate with mRNPs Previously, it has been shown that mammalian Ago proteins and miRNAs sediment with polyribosomes (Kim et al, 2004; Nelson et al, 2004; Maroney et al, 2006; Nottrott et al, 2006) . In many studies, however, the majority of Ago proteins and miRNAs migrate together with messenger ribonucleoproteins (mRNPs; Kim et al, 2004; Nelson et al, 2004) . For a detailed characterization of Ago protein complexes, we revisited Ago sedimentation in polyribosome fractionations (Fig 1A) . Extracts from human embryonic kidney (HEK) 293 cells were separated on a sucrose gradient ranging from 17% to 51%. Fractions were analysed by western blotting against the ribosomal protein S6 (rpS6) to identify ribosome-containing fractions. RpS6 was detected in fractions 10-12, representing ribosomal subunits as well as monosomes, and in fractions 14-26, indicative of polyribosomes. Probing with antibodies against AGO1 showed that human AGO1 predominantly migrated in the fractions with low sucrose density. In addition, a small portion of AGO1 was found in higher molecular weight fractions that also contained polyribosomes (fractions 18-24).
To investigate AGO-containing mRNPs, we established gradient conditions that allowed further separation of the mRNP pool ( Fig 1B) . HEK 293 cell lysate was loaded onto a 15-55% sucrose gradient and fractionated by centrifugation for 18 h; AGO proteins were then analysed as above. Both AGO1 and AGO2 sedimented in three distinct complexes, which we refer to as AGO complexes I-III. A large portion of AGO1 or AGO2 was found in complex I, which has a molecular mass of about 250-350 kDa (lanes 2-7). Complex II constitutes a second prominent peak, which sediments similarly to a 19S particle and is about 600-700 kDa in size (lanes 10-13). Complex III peaks in fractions 15 and 16 are indicative of a molecular mass of more than 900 kDa or 25-30S (lanes 15,16).
The co-migration of AGO proteins with mRNPs in polyribosome gradients prompted us to investigate whether Ago complexes I-III contain mRNAs and form mRNPs (Fig 1C) . HEK 293 cell lysates preincubated with or without RNase A were separated as described previously. AGO1 complexes II-III were clearly visible in the untreated lysates (upper panel), but not in the RNase-treated extracts (lower panel). Together, our data show that human AGO1 and AGO2 associate with three distinct RNA-protein complexes. Furthermore, AGO complexes II and III are sensitive to RNase treatment, suggesting that these complexes form mRNPs.
AGO complex III co-sediments with the KRAS mRNA Next, we investigated whether AGO complexes II and III contain miRNA target mRNAs. We transfected a luciferase reporter construct carrying the 3 0 -untranslated region (3 0 -UTR) of KRAS (Kirsten rat sarcoma viral oncogene homologue), which has been shown to be translationally regulated by let-7a in human cells ( Johnson et al, 2005) . Cell lysates were separated on a 15-55% sucrose gradient. RNA was extracted from individual fractions and analysed by quantitative reverse transcription-PCR (qRT-PCR; Fig 1D) . Strikingly, we detected high amounts of KRAS mRNA co-sedimenting with AGO complex III, suggesting that AGO complex III forms large mRNPs with miRNA target mRNAs.
AGO complexes I-III associate with miRNAs
A detailed molecular characterization of the AGO complexes I-III requires immunoprecipitations and functional analyses of the precipitates. As the antibodies used for western blotting proved to be too inefficient for immunoprecipitation, we recapitulated AGO protein complex associations using Flag/haemagglutinin (HA)-tagged AGO proteins (Flag/HA-AGO; Fig 2A) . Flag/HA-AGO1 and Flag/HA-AGO2 were expressed in HEK 293 cells and the lysates were separated by centrifugation as described above. Individual fractions were analysed using HA antibodies. Consistently, the same distinct AGO1 and AGO2 complexes as in wild-type HEK 293 lysates were observed, indicating that Flag/ HA-AGO1 and Flag/HA-AGO2 associated with native protein complexes and could therefore be used for further analyses.
As AGO proteins are the binding partners of mature miRNAs, we analysed the miRNA content of various AGO complexes. HEK 293 lysates containing Flag/HA-AGO1 or Flag/HA-AGO2 were separated as described above. Proteins were immunoprecipitated from each fraction using Flag antibodies, and the associated RNA was extracted and analysed by semiquantitative RT-PCR for miR-16 or let-7a ( Fig 2B) . Notably, both miR-16 and let-7a were found in all AGO-containing fractions, whereas only weak signals were found in other fractions ( Fig 2B) . Together, the three distinct human AGO1 and AGO2 complexes associate with mature miRNAs.
Analysis of AGO-associated RISC and Dicer activity
AGO2 is the endonucleolytic component of human RISC (Liu et al, 2004; ; therefore, we investigated which of the observed AGO2 complexes associates with RISC activity. Lysate from HEK 293 cells transfected with Flag/HA-AGO2 was fractionated and immunoprecipitated as described above. Individual immunoprecipitates were incubated with a 32 P-cap-labelled RNA complementary to endogenous miR-19b ( Fig 2C) . Fractions 3-6, as well as the total lysate, showed strong cleavage activity, whereas no cleavage activity was observed in higher molecular weight fractions, indicating that AGO2 complex I represents active human RISC.
It has been shown that human AGO proteins associate stably with Dicer and that this complex is able to generate small RNAs from dsRNA precursors (Gregory et al, 2005; Meister et al, 2005 ). Therefore, we tested individual AGO complexes for Dicer activity. HEK 293 lysates containing Flag/HA-AGO1 were fractionated and immunoprecipitated using Flag antibodies. The immunoprecipitates were incubated with an internally 32 P-labelled miR-27a precursor and the cleavage products were analysed by 15% denaturing RNA polyacrylamide gel electrophoresis ( Fig 2D) . AGO1 complex I (fractions 3-7) and AGO1 complex III (fractions 15-17) were associated with Dicer activity, whereas only very weak Dicer activity was observed in AGO1 complex II (fractions 10-13). Together, we have shown AGO2 complex I is a lowmolecular-weight RISC, whereas AGO complexes I and III are associated with Dicer. Interestingly, AGO complex II does not contain RISC and shows little detectable Dicer activity.
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Proteomic analysis of AGO complexes I-III
We analysed the protein composition of AGO complexes I-III to identify cofactors that function together with AGO1 or AGO2. Flag/ HA-AGO1 or Flag/HA-AGO2 was transiently expressed in HEK 293 cells, and the lysates were separated by gradient centrifugation.
Fractions 3-8, 10-13 and 15-18, representing AGO complexes I, II and III, respectively, were combined and AGO complexes were immunoprecipitated using Flag antibodies. The co-immunoprecipitated proteins were analysed using mass spectrometry (supplemen- tary Fig 1 online) . Antibodies that were not specific to the Flag tag Characterization of human Argonaute complexes J. Höck et al were used for control purifications (supplementary Fig 2 online) . After investigating only a few visible bands in our previous study (Meister et al, 2005) , our aim was now to analyse all proteins that were present in the AGO immunoprecipitates. Table 1 shows a list of proteins that were specifically found in AGO precipitations, but not in control purifications (see also the supplementary tables online). Characterization of human Argonaute complexes J. Höck et al
As expected from the Dicer activity assays, we found Dicer only in AGO1/2 complexes I and III, whereas TRBP was identified only in AGO complex I. TNRC6B, MOV10, RHA (DEAH box polypeptide 9), Gemin3 and Gemin4, which have been found in AGO complexes previously (Mourelatos et al, 2002; Meister et al, 2005; Robb & Rana, 2007) , were also among the identified proteins. Proteins that have not yet been implicated in RNA silencing in mammals were grouped according to their domains and function (Table 1) . Among the DEAD/DEAH box helicases, we found DDX5, an orthologue of Drosophila p68, which has been shown to associate with Drosophila Ago2 , and DDX18, a putative helicase that has been implicated in Drosha function (Gregory et al, 2004) . Consistent with the hypothesis that AGO complexes II and III are mRNPs, we found various isoforms of poly-A-binding proteins, indicating that mRNAs were present in the purifications. Strikingly, we found many mRNA-binding proteins that are involved in translational regulation, including FMRp and its homologues FXR1 and FXR2. It was reported previously that FMRp associates with Ago proteins as well as miRNAs in both human and Drosophila cells . Further identified proteins with regulatory functions in translation are NSAP1/SYNCRIP, YB-1, HuR, RBM4, ZBP1 and ZBP3. We also found various ribosomal proteins in the Ago complexes (supplementary tables online), suggesting that ribosomal proteins might have other functions as components of mRNPs.
Next, using western blotting, we examined whether the identified factors specifically co-sediment with AGO-containing fractions in sucrose gradients (Fig 3A) . Consistent with the proteomic data, hnRNP-U, NF-90, ZBP1 and ZBP3 co-migrated with both AGO complexes II and III, whereas TRBP was found in low-molecular-weight fractions co-migrating with AGO complex I; however, NF-45 and YB-1 were detected in fractions containing AGO complex III. For a more comprehensive analysis, we expressed Flag/HA-tagged DDX47, DDX36, DDX30, RHA (DHX9), hnRNPC, HuR as well as SART3 and investigated cosedimentation with AGO proteins. All tagged proteins migrated in fractions also containing AGO complexes II and III. Notably, we found a larger portion of the tagged proteins migrating at the top of the gradient, presumably owing to overexpression.
To validate a specific association with AGO complexes, we carried out co-immunoprecipitations (Fig 3B) and Flag/HA-AGO1 or Flag/HA-AGO2 was immunoprecipitated from HEK 293 lysates using Flag antibodies. RNase A-treated and untreated samples ( supplementary Fig 3 online) were analysed using western blotting. HnRNP-C1/C2, ZBP1, ZBP3 and YB-1 disappeared from the Flag/HA-AGO1/2 immunoprecipitates when RNase A was added, indicating that the tested proteins were not associated with AGO proteins through protein-protein interactions, but bound to the same RNAs. NF-90, SART3, DDX5 and DDB-1 immunoprecipitated with Flag/HA-AGO1/2 in the presence of RNase A, Characterization of human Argonaute complexes J. Höck et al which is indicative of protein-protein interactions. To analyse a specific AGO association of mRNP components for which no specific antibodies were available, we expressed Flag/HA-tagged fusions (Fig 3C) . The tagged proteins were immunoprecipitated using Flag antibodies and the precipitates were analysed by western blotting using HA (lanes 1-33, lower panel), AGO1 (upper panel) or AGO2 (middle panel) antibodies. Endogenous AGO1 and AGO2 clearly co-precipitated with all Flag/HA-tagged proteins (lanes 1-33) . The binding of DDX30, HuR, RBM4, hnRNP-F, PABP-C1 and Matrin3 to AGO1 and AGO2 complexes was sensitive to RNase A treatment, whereas the binding of DDX36, DDX47, RHA and UPF1/RENT1 was not, suggesting protein-protein interactions.
RBM4 is required for miRNA-guided gene silencing
To investigate the relevance of identified AGO mRNP components for miRNA function, we generated a luciferase construct containing a perfectly complementary miR-21 target site in the 3 0 -UTR ( Fig 4A) . As expected, knockdown of AGO1, AGO3 and AGO4 had no effect, whereas siRNAs against AGO2 or TNRC6B led to a significant increase of luciferase expression. No effect was observed with a mutated miR-21-binding site ( supplementary Fig 4 online) . Strikingly, knockdown of RBM4 resulted in a strong increase of luciferase activity, indicating that RBM4 modulates miR-21-guided RNA cleavage. Notably, the interaction of RBM4 and AGO2 is reduced when RNase A is added (Fig 3C) . It is reasonable to assume that miRNA degradation by RNase A affects AGO2 interactions. Alternatively, RBM4 could also enhance the binding of AGO proteins to mRNAs by increasing the accessibility of miRNA target sites.
Next, we analysed whether RBM4 is also required for the regulation of natural miRNA targets (Fig 4B) . A luciferase construct containing the KRAS 3 0 -UTR was transfected into HEK 293 cells in which let-7a was inhibited or TNRC6B, YB-1, RBM4, ZBP3 or FMRp was depleted by RNA interference. Knockdown of 
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w t ly s a t e w t ly s a t e w t ly s a t e w t ly s a t e w t ly s a t e w t ly s a t e w t ly s a t e w t ly s a t e w t ly s a t e w t ly s a t e w t ly s a t e Characterization of human Argonaute complexes J. Höck et al TNRC6B, RBM4, YB-1 and ZBP3 resulted in stronger luciferase activity. Overexpression of RBM4 but not ZBP3 led to decreased luciferase activity (supplementary Fig 6 online) , suggesting that RBM4 functions on the 3 0 -UTR of KRAS. Recently, hmga2, serbp, dnajb11 and raver2 have been identified and validated as miRNA targets (Beitzinger et al, 2007; Mayr et al, 2007) . Therefore, we transfected luciferase reporter constructs containing the respective 3 0 -UTRs and measured luciferase activity in an RBM4-or TNRC6B-knockdown background (Fig 4C) . Indeed, luciferase activity was significantly increased in the RBM4-or TNRC6B-knockdown cells, indicating that RBM4 functions on different miRNA targets. As RBM4 contains two RNA cells transfected with the indicated constructs were immunoprecipitated using Flag antibodies, and northern blotting against miR-19b was performed. GFP, green fluorescent protein; HEK, human embryonic kidney; KRAS, Kirsten rat sarcoma viral oncogene homologue; miRNA, microRNA; RBM4, RNA binding motif protein 4; siRNAs, small interfering RNAs; TNRC6B, trinucleotide repeat containing 6B; UTR, untranslated region.
Characterization of human Argonaute complexes J. Höck et al recognition motifs (Fig 4D) , we investigated whether RBM4 coimmunoprecipitates with miRNAs ( Fig 4E) . Flag/HA-RBM4 was immunoprecipitated using Flag antibodies and the associated RNA was extracted. Strikingly, miR-19b was detected in the Flag/ HA-RBM4 precipitate, whereas no miR-19b was precipitated in a control reaction. Our data indicate that RBM4 co-immunoprecipitates with miRNAs and functions in AGO-mediated gene silencing; therefore, we have identified a new component of human gene silencing.
METHODS
Cell extracts and gradient centrifugation. Polyribosome fractionation from HEK 293 cells was carried out according to Pillai et al (2005) . For complex purification and co-immunoprecipitations, HEK 293 cells were lysed in buffer containing 25 mM Tris-HCl (pH 7.4), 150 mM KCl, 0.5% NP-40, 2 mM EDTA, 1 mM NaF, 0.5 mM dithiothreitol and protease inhibitors (Roche, Penzberg, Germany) and centrifuged at 10,000g for 10 min at 4 1C. For fractionations, gradients from 15% (w/v) to 55% (w/v) sucrose in 150 mM KCl, 25 mM Tris (pH 7.4) and 2 mM EDTA were used. Lysates were separated by centrifugation at 30,000 r.p.m. for 18 h in an SW41 rotor at 4 1C. To determine indicated S values, catalase (11S), apoferritin (17S) and thyroglobin (19S) were used. For the analysis of RNA-dependent interactions, extracts were preincubated with 100 mg/ml RNase A (Qiagen, Hilden, Germany) at 4 1C for 1 h. Immunoprecipitation of Flag/HA-tagged AGO complexes. AGOcontaining gradient fractions were pooled and incubated with 100 ml Flag M2 agarose beads (Sigma, Taufkirchen, Germany) for 2 h at 4 1C. Beads were subsequently washed with immunoprecipitation buffer (300 mM NaCl, 5 mM MgCl 2 , 0.1% NP-40 and 50 mM Tris-HCl, pH 7.5) and phosphate-buffered saline (PBS). Co-immunoprecipitation experiments. Lysates were incubated with 30 ml Flag M2 agarose at 4 1C for 1.5 h, and washed with IP buffer and PBS. Beads were distributed equally into two tubes and 1.5 ml PBS or PBS containing 100 mg/ml RNase A was added. After incubation at 4 1C for 1.5 h, beads were washed with PBS and denatured by adding 25 ml of protein sample buffer. Supplementary information is available at EMBO reports online (http://www.emboreports.org).
